Functional genomic experiments frequently involve a comparison of the levels of gene expression between two or more genetic, developmental, or physiological states. Such comparisons can be carried out at either the RNA (transcriptome) or protein (proteome) level, but there is often a lack of congruence between parallel analyses using these two approaches. To fully interpret protein abundance data from proteomic experiments, it is necessary to understand the contributions made by the opposing processes of synthesis and degradation to the transition between the states compared. Thus, there is a need for reliable methods to determine the rates of turnover of individual proteins at amounts comparable to those obtained in proteomic experiments. Here, we show that stable isotope-labeled amino acids can be used to define the rate of breakdown of individual proteins by inspection of mass shifts in tryptic fragments. The approach has been applied to an analysis of abundant proteins in glucoselimited yeast cells grown in aerobic chemostat culture at steady state. The average rate of degradation of 50 proteins was 2.2%/h, although some proteins were turned over at imperceptible rates, and others had degradation rates of almost 10%/h. This range of values suggests that protein turnover is a significant missing dimension in proteomic experiments and needs to be considered when assessing protein abundance data and comparing it to the relative abundance of cognate mRNA species.
Four levels of analysis are commonly exploited in functional genomics: genome, transcriptome, proteome, and metabolome. The last three levels are all context-dependent; the complement of mRNA molecules, protein molecules, and metabolites all change with the physiological, developmental, or pathological state of living cells. A change in the proteome is probably the most important of these three for the analysis of gene action and interaction, but it is also the most difficult to study in a truly comprehensive manner (1) .
"Classical" proteomics only compares amounts of proteins in cells in two different states or conditions; it does not address the dynamics of the proteome in the different biological states that are being compared nor does it provide information about the mechanisms whereby the system changes from one state to the other. The acquisition of a new steady-state level of any protein will be the outcome of the change in its rate of synthesis as compared with the change in its rate of degradation (2, 3) . At the steady state, it is the balance between these two opposing processes that determines the concentration of any protein (4) . To illustrate, an increase in the level of expression of a protein could be achieved by an enhanced rate of synthesis or a diminished rate of degradation. Despite its evident importance, the role of protein turnover has not previously been considered in analyses of the proteome. Yet the determination of the half-life of a large number of proteome components might do much to explain the marked disparity that is sometimes seen between transcriptome and proteome data (5) (6) (7) (8) . In addition, the requirements of one of the most energy-demanding processes in the cell, the aggregate process of protein synthesis and degradation, protein turnover, can be quantified on a protein-byprotein basis. In this article, we define an experimental strategy to analyze the dynamics of protein turnover, a missing dimension of proteomics.
EXPERIMENTAL PROCEDURES
Yeast Strain and Growth Conditions-The diploid yeast strain BY4743 (EUROSCARF accession number Y23935, www.unifrankfurt.de/fb15/mikro/euroscarf/index.html) (9), a leucine auxotroph, was used throughout. Yeast were grown in glucose-limited chemostat culture as described previously (10) in a medium (Table I) containing 100 mg/liter DL-[ 2 H 10 ]leucine (98.5 atom % excess) at a dilution rate of 0.1 h Ϫ1 . After a minimum of seven doubling times, sufficient to ensure that cells were fully labeled, unlabeled L-leucine (1 g in 50 ml) was added, and the incoming medium was changed to one containing unlabeled L-leucine at 50 mg/liter. Sampling was at 0, 0.167, 0.667, 1, 2, 4, 6, 8, 10, 12, 24.5, and 51 h into the chase. This sampling frequency served to reduce the true dilution rate in the chase phase from a nominal 0.1 h Ϫ1 to an actual 0.086 h Ϫ1 . At each time point, cells were collected directly into ice-cold tubes containing cycloheximide (final concentration 100 g/ml). Cells (40 ml at an A 600 of ϳ1.6) were harvested and centrifuged at 5000 rpm for 5 min at 4°C. The pellet was resuspended in 1 ml of ice-cold double distilled H 2 O and transferred to a 1.5-ml microcentrifuge tube. Cells were repelleted by centrifugation at 10,000 rpm, the supernatant was dis-carded, and the yeast pellet was frozen in dry ice and stored at Ϫ80°C. Cell pellets were thawed briefly on ice and resuspended in 300 l of 20 mM HEPES, pH 7.5 containing one EDTA-free protease inhibitor mixture tablet/10 ml (Roche Diagnostics) and lysed by vortexing with glass beads (6 ϫ 45 s with 45 s of cooling). DNase (6 l of l mg/ml, Sigma) and RNase (2 l of l mg/ml, Sigma) were added, and the lysate was held at 4°C for 1 h. The lysate was centrifuged at 4000 rpm for 10 min at 4°C, and the supernatant was assayed for protein (Coomassie plus protein assay, Pierce).
Protein Separation-Proteins (150 g of soluble protein) from each of the 12 time points were then solubilized in 8 M urea, 2% (w/v) CHAPS, 20 mM dithiothreitol, and 0.5% 3-10 IPG Buffer (AP Biotech) for 1 h at 37°C before centrifugation at 10,000 rpm for 10 min at 4°C and application to 13-cm Immobiline pH 3-10 dry strips (AP Biotech) for in-gel rehydration (180 V-h at 30 V, 360 V-h at 60 V) and isoelectric focusing (500 V-h at 500 V, l000 V-h at 1000 V, and 16,000 V-h at 8000 V) using an IPGphor isoelectric focusing system (AP Biotech). Seconddimension analysis was by 12% (w/v) linear SDS-PAGE followed by Coomassie Blue staining. Gels were visually inspected, the same spot was excised from each gel, and peptides were obtained by in-gel reduction, alkylation with iodoacetamide, tryptic digestion, and extraction using a MassPrep TM digestion robot (Micromass, Manchester, UK). Mass Spectrometry-Peptides were analyzed using a MALDI-TOF mass spectrometer (M@LDI TM , Micromass, Manchester UK) covering the m/z range of 1000 -4000 Th. Spectra were stacked above each other, and the peak differences between 0 h (heavy, fully labeled) and 51 h (light, fully unlabeled) were identified. Intermediate time points showed the gradual disappearance of peptides carrying heavy leucine and the gradual appearance of peptides carrying unlabeled leucine. Depending on the number of leucine residues in the peptide, the "heavy" and "light" peptides differed in mass by 9n Da, where n was the number of leucine residues in the peptide. The protein was identified by recording the masses of peptides in the 51-h spectrum (fully unlabeled) and including the leucine composition of each peptide (derived from comparison of the 0-and 51-h spectra) in a manual search of the yeast data base using MASCOT (www.matrixscience-.co.uk), which allows inclusion of composition data in its search (11) .
Data Analysis-The monoisotopic peak intensities of the heavy and light tryptic peptides (A H and A L , respectively) were obtained and were used to calculate the relative isotope abundance at each time, t (RIA t ), 1 as the ratio:
The value of RIA t changes over time as the proteins, prelabeled with heavy leucine, are replaced by those labeled with light leucine. This is a consequence of two processes, namely loss of cells from the chemostat and loss through intracellular protein turnover. The generic form of the exponential equation relates the RIA at any time, t, to the values for RIA at t ϭ 0 (RIA 0 ) and t ϭ ϱ (RIA ϱ , in practice, t ϭ 51 h):
Rather than use non-linear curve fitting to recover the values of three parameters (RIA 0 , RIA ϱ , and k loss ), RIA 0 was measured for 26 peptides derived from a total of 18 different proteins and yielded a value of 0.985 Ϯ 0.001 (mean Ϯ S.E., n ϭ 26). The variance in this experimentally determined parameter was so low that it was fixed as the mean value in the non-linear curve fitting. Similarly, the value for RIA ϱ was set to zero since after 51 h, equivalent to seven doubling times, over 99% of the heavy labeled cells in the vessel at t ϭ 0 h would have been lost from the vessel. By fixing these parameters, we also removed some of the error inherent in determination of the RIA at the start and end of the experiment where either the heavy or the light peak was small relative to the other and therefore the data were sometimes compromised by chemical noise in the mass spectrum. The fitted equation simplified to:
The curve of this form was fitted to the (t, RIA t ) data using non-linear curve fitting to obtain k loss , the error in the parameter estimate and the confidence limits for the fitted curve. In single time point experiments, k loss was calculated from the value of RIA t determined at a single time, t, according to the equation:
Finally, the true rate of degradation (k deg ) was calculated by simple subtraction of the constant dilution rate D from k loss (the subtraction of a constant does not affect the error of the parameter estimate).
RESULTS
Determination of the rate of turnover of specific proteins is fraught with difficulty, and our strategy was designed to yield turnover rates under carefully controlled conditions. Our approach measures the kinetics of labeling of proteins with stable isotope-labeled amino acids and uses mass spectrometry to determine the presence of those labeled amino acids in tryptic peptides. In this respect it differs from other studies that have prelabeled proteins with stable isotope-labeled amino acids either to compare expression levels (12, 13) , to determine the numbers of specific amino acids to aid in protein identification by peptide mass fingerprinting (11, 14 -17) , or to determine post-translational modifications (18) . We measured the rate of turnover of several Saccharomyces cerevisiae proteins in glucose-limited aerobic continuous culture at the steady state. In continuous culture, the cells are maintained in a constant metabolic state, and the gain in biomass through growth is balanced by physical loss of cells as the cell suspension is displaced by incoming fresh medium. In this respect, continuous culture is superior to growth in "batch" culture in which nutrients are depleted, cell number increases, medium pH can fall, and the rate of growth declines.
The yeast cells were grown at a fixed dilution (doubling) rate, and proteins were uniformly labeled with a deuterated amino acid provided in the incoming growth medium. Subsequently a large excess of unlabeled amino acid was added instantaneously to the culture medium, and at the same time, the medium reservoir was switched to one containing the unlabeled amino acid. Because the cells are glucose-limited, the addition of an excess of the unlabeled amino acid does not affect the growth rate, but the labeled proteins are degraded and/or diluted into the daughter cells. The chosen precursor was decadeuterated leucine, labeled at all positions other than the ␣-amino and ␣-carboxyl groups and chosen because leucine is present in the great majority of tryptic peptides derived from the yeast proteome (11) . Use of a leucine auxotrophic mutant of S. cerevisiae ensured that dilution of the label by endogenous leucine would be minimized. Finally, we have shown that the deuterium atom bonded to the ␣-carbon atom is metabolically labile (probably through transamination), and the relative incorporation of decadeuterated or nonadeuterated leucine provides a valuable insight into the metabolic lability of the precursor pool, important information in establishing the effectiveness of the labeling strategy (11, 14) .
Proteins were prelabeled with heavy leucine for approximately 50 h, more than seven doubling times at a dilution rate of 0.1 h Ϫ1 . Thus, over 99% of the leucine in the cells would be the stable isotope-labeled form. Replacement of the entire leucine pool in this way had no effect on growth rate or on the overall pattern of proteins in a two-dimensional gel (results not shown). The chemostat was then injected with a large excess (20-fold) of unlabeled L-leucine to rapidly reduce the isotope abundance of the precursor pool. The feedstock was switched to unlabeled leucine, and samples of cells were taken from the culture vessel over the next 51 h. The unlabeled leucine pulse added to the growth vessel had no effect on CO 2 production, demonstrating that leucine was not being used as an alternative carbon source. Further, there were no quantitative differences in 2DGE patterns from cells before or after the chase with unlabeled leucine (results not shown). During the chase period, all newly synthesized proteins would only incorporate unlabeled leucine. The rate of loss of labeled protein (k loss ) is a composite term reflecting the sum of losses through dilution of the cells (synthesis de novo) or through degradation ( Fig. 1) .
At each sampling time before and throughout the chase period, cells were lysed, and proteins from the cleared lysate
Overall strategy for determination of protein turnover rates. Yeast cells were grown in chemostat culture in the presence of a stable isotope-labeled amino acid for which the cells are auxotrophic. After seven doubling times, over 99% of the amino acid in all proteins are labeled uniformly. Subsequently an excess of unlabeled amino acid is added instantaneously to the culture vessel, and the amino acid in the feedstock is also changed to the unlabeled form. This ensures that the isotope abundance precursor pool drops quickly and substantially. Subsequently newly synthesized proteins will contain unlabeled amino acid; the rate of replacement of labeled by unlabeled amino acid is defined by the rate of protein turnover. The lowest turnover rate that can be measured is equivalent to the dilution rate since that is the rate that cells (and therefore proteins) are leaving the culture vessel. The difference between the measured rate of loss of protein and the dilution rate is therefore the true intracellular degradation rate.
were separated by 2DGE. The pattern of spots on the gels was very consistent (although this is not a prerequisite of the approach), and we could recover the same protein from each gel, which was then subjected to in-gel tryptic digestion followed by MALDI-TOF mass spectrometry (19) . The profiles for individual peaks in the trypsin peptide mass fingerprint tracked the replacement of the labeled protein by the unlabeled protein as the cells continued to grow in culture. A representative set of MALDI-TOF data over 51 h, expanded to emphasize the behavior of individual peptides with one or multiple leucine residues, shows that the transition from fully labeled to fully unlabeled peptides was readily apparent (Fig.  2 ). Proteins were identified by peptide mass fingerprinting supplemented by the data on the leucine composition of each peptide derived from the separation between the heavy and light peaks (see "Experimental Procedures"). Incidentally, if the precursor pool had not been effectively "chased," peptides of intermediate masses, distributed binomially, would be expected (20) . However, for peptides containing more than one leucine residue, the lack of peaks of mass values intermediate between the fully labeled and fully unlabeled forms is convincing proof that the relative isotope abundance of the precursor pool had been efficiently reduced to zero, a prerequisite of this approach. Of course, the lower limit on detection of these peptides of intermediate mass is influenced by the background noise in the spectrum. However, the lack of any such peaks above the noise floor is good evidence for an effective chase. The natural isotope abundance profiles of labeled peptides also confirmed that virtually all of the [ 2 H 10 ]leucine supplied in the medium was converted to FIG. 2 . Changes in peptide mass fingerprint during unlabeled chase period. Yeast cells, prelabeled in the presence of decadeuterated leucine, were subjected to a 51-h chase phase in the presence of excess unlabeled leucine. At different times, samples of the cell suspension were recovered, lysed, and resolved by 2DGE. Following staining with Coomassie Blue the same spot was recovered from each gel and subjected to in-gel tryptic digestion and MALDI-TOF mass spectrometry. The spectra on the right are amplified to show the behavior of single peptides (containing one and three leucine residues). The spectra on the left cover the m/z range from 1000 to 2500 Th. The arrow indicates a peptide that contains no leucine residues and therefore remains at the same mass throughout the chase.
[ 2 H 9 ]leucine in vivo (probably through transamination).
The intensity of the monoisotopic peaks of the heavy and light tryptic fragments were measured for each sampling time point in the chase phase. The transition in intensity between the fully labeled and the fully unlabeled leucine-containing peptides is most simply defined by a single exponential curve that yields the first order rate constant for loss of the label from the protein (k loss ). To determine this rate constant, a single exponential curve was fitted to the set of RIA t data for each leucine-containing tryptic peptide. Since multiple peptides in a single peptide mass fingerprint would be expected to contain leucine, each peptide should deliver an independent measure of the rate of turnover of the parent protein. For each protein, the first order rate constant was remarkably consistent whether derived from peptides with one or more than one leucine residue (Fig. 3) . The errors in the fitted rate constants were typically less than 10% of the parameter value, and the concordance between the degradation rates, defined by multiple peptides derived from a single protein, was high. For all further analyses, we pooled the data from different peptides to yield a single fitted curve based on multiple determinations of RIA t at each time point (Table II , spots 1-31).
Accurate measurement of the degradation rate of a single protein is of particular value in the elucidation of structural parameters that dictate intracellular stability. However, when applied to a global population of proteins in a proteome, multipoint determination of degradation rate would be extremely laborious. A higher throughput approach, more appropriate to global proteomic surveys, might be derived by analysis of a single time point during the chase period. For each protein, analysis of several (leucine-containing) peptides would still yield a statistical estimate of RIA t at one value of t, which is related to an estimate of k loss by the simple relationship k loss ϭ Ϫln(RIA t /RIA 0 )/t.
We measured k loss for several proteins recovered from 2DGE ( Fig. 4 and Table II ). For almost all proteins in this set, we were able to use data from multiple peptides containing between one and three leucine residues. For protein spots numbered 33 onward, the values of k loss were recovered by sampling the cells at two time points (4 and 8 h), the degradation rates were calculated directly, and data from multiple peptides were combined to yield a statistical estimate of the certainty of the rate constant. For spots 1-31, the degradation rate constants had previously been assessed by non-linear curve fitting, and for a subgroup of these particular proteins, k loss was redetermined using data for multiple peptides but at a single time point (Fig. 5, panel A) . The correlation between the values of k loss measured by the two methods was high (r 2 ϭ 0.87, n ϭ 25, p Ͻ 0.001). The single point method, whereby turnover rate is acquired from several peptides from the same protein, can yield as reliable an estimate as the more complex curve fitting approach. To test the reproducibility of the analytical method, we repeated the determination of turnover rate, from cell breakage onward, for a limited number of proteins (n ϭ 15). Again, the correlation between the k loss calculated in each experiment was very high (r 2 ϭ 0.86, p Ͻ 0.001; Fig. 5, panel B) .
Because the cells are in true steady state in the chemostat, the rate of loss of label includes irreversible losses by exit of cells from the system at a true rate of 0.086 h Ϫ1 (corrected for sampling). Thus, the intracellular degradation rates of the proteins should be corrected for this loss by simple subtraction of the dilution rate (Fig. 6) . Of the ϳ50 proteins analyzed in this study, one-quarter are degraded at rates less than 0.01 h Ϫ1 . Two of these (spots 3 and 11, glutamate dehydrogenase and ketol-acid isomerase) are not significantly degraded at all and are only lost by dilution into daughter cells. At the other extreme, one protein (spot 41, methionine synthase) was de- FIG. 3 . Determination of turnover rate by non-linear curve fitting. For four representative protein spots taken from a series of two-dimensional gels, the peak intensities of the leucine-labeled and unlabeled peaks were measured by manual inspection of the mass spectra corresponding to a single tryptic peptide. For each peptide, the RIA t of the labeled peptide was calculated and plotted against time. To determine the rate of turnover of the protein, a single exponential curve was fitted using non-linear curve fitting (FigP, Biosoft, Cambridge, UK). The different symbols indicate the RIA t values determined for peptides derived from the same protein, and the solid lines are the best-fit curves for these different data sets. In most instances, the lines are so closely superimposable that the individual traces are not discernible. In the lower panel, the measured rates of loss of label are plotted for the individual peptides. Note that the true degradation rates must be corrected for the base-line rate of loss of protein from the chemostat at 0.086 h Ϫ1 .
TABLE II Rates of degradation of yeast proteins
Rates of degradation were measured for approximately 50 spots on a two-dimensional gel. For spots 1-31, gels were run under identical conditions for 12 time points. The same spots were then excized and analyzed for the RIA of heavy leucine in specific peptides; only data from good quality mass spectra are included. For each set of (RIA t , t) data, non-linear curve fitting was used to acquire the first order rate constant for loss of label from the protein. This is a composite value representing the sum of the true intracellular degradation rate and the loss of protein due to exit of cells from the chemostat. Finally, the (RIA t , t) data from all peptides were combined to generate a single, fitted value for the parameter estimate (all peptides). For spot 33 onward, only cells harvested at 4 and 8 h postchase were analyzed by the single point method. These estimates of the degradation rate were then aggregated into a single figure (last column). For each protein, the peptides are listed in decreasing order of abundance in the MALDI-TOF spectrum, and for each peptide, the number of leucine residues is given in square brackets. Peptides in addition to those used here for degradation analysis aided identification of the proteins. Spots 15 and 27 appear to contain more than a single protein, and spots 26, 27, and 28 would require further peptide analysis to determine their identity with confidence, although they still yield a valid degradation rate. [1] 0.0790 Ϯ 0.0039 (12) 1181.94 [1] 0.0834 Ϯ 0.0068 (12) 1306.09 [1] 0.0781 Ϯ 0.0024 (11) 1530.13 [1] 0.0772 Ϯ 0.0020 (11) 1753.27 [2] 0.0857 Ϯ 0.0041 (11) 2099.52 [3] 0.0902 Ϯ 0.0068 (11) 2145.45 [1] 0.0801 Ϯ 0.0057 (11) graded intracellularly at a rate of over 9%/h. Even allowing the caveat that we selected high abundance proteins, the range of degradation rates is over 9-fold in cells that are in balanced exponential growth.
DISCUSSION
We deliberately focused on the more abundant proteins to develop the approach and to assess the dynamics of bulk proteins in exponentially growing cells. Although such abundant proteins might be expected to be long-lived, the degradation rates are remarkably heterogeneous, which raises important issues of selectivity of degradation of this class of proteins. For example, a simple process of vacuolar internalization cannot impose any heterogeneity on degradation rates, and whatever the mechanism of intracellular proteolysis, selective mechanisms must operate. A previous study of selected yeast proteins (including several analyzed here) implied that they were not degraded in exponential growth (21) , but the labeling/chase time periods were short, which serves to emphasize the importance of the extended labeling/chase protocol in accessing lower turnover rates. Moreover, the radiolabeling approach used previously (21, 22) cannot readily be combined with the identification step, and autoradiography of the entire protein spot means that the enhanced statistical certainty deriving from multiple peptides is inaccessible.
The ability to determine, with a high degree of accuracy and precision, the rate of degradation of individual proteins opens up an additional dimension in proteomics. The "single point" method yields a reliable parameter estimate and a statistical certainty of high quality and would be particularly suited to studies of relative rates of protein degradation. For more detailed analyses of the routes and rates of degradation of individual proteins, serial sampling and multiple time point determination of isotope abundance creates a data set that is amenable to non-linear curve fitting. The labeling strategy used here works optimally when cells are maintained in steady-state culture, but there will be other labeling protocols that are more amenable to batch culture, organ culture, or intact animals. It would, for example, be feasible to measure the rate of synthesis of each protein by transient exposure to the precursor label, although this would require knowledge of the precursor isotope abundance, and unlike radioisotope labeling, the degree of incorporation of the stable isotope label has to be substantial (Ͼ20%) for reliable estimation of the abundance of mass shifted peptides. The method, in common with all other methods to measure protein turnover rates, is limited in the ability to define the rate of high turnover proteins. But high turnover proteins would be manifest by a very rapid loss of heavy label, and even if the precise rate of degradation was not quantifiable, the protein would still be classified as "high turnover." By the same arguments, the proteins for which the rate of loss of label is equal to dilution rate can be classified as "extremely low turnover," and two such proteins have been identified in this set. The mechanism whereby a protein evades the degradative machinery of the cell can cast as much light on the molecular recognition and enzymology of the process as can the study of high turnover proteins.
Although it is most simple to obtain multiple measures of turnover rate from the peptides derived from an excised spot, there is no reason why this method could not be applied to peptides isolated by liquid chromatography. A liquid chromatography/mass spectrometry experiment would yield RIA t , but this would be as a single value. Further improvement in the statistical certainty of the measure would be obtained either from the use of multiple time points, to which the curve fitting approach could be applied, or by sufficiently exhaustive coverage of a liquid chromatography profile to recover turnover rates from multiple unique peptides deriving from one protein.
In this respect, the choice of leucine is important as it is the   FIG. 4 . Measurement of the turnover rate of yeast proteins. Yeast proteins were separated by 2DGE (first dimension pI 3-10, second dimension 12% linear gel) and stained with Coomassie Blue. Selected, high abundance spots were recovered from gels corresponding to multiple time points (between 10 and 12, curve fitting approach, one or two time points for single point determinations), and the rate of degradation was determined as described in the text. The positions of specific proteins are indicated on the gel, and the rates of degradation are presented in Table II. Spots 28 and 32 were not  analyzable and have been omitted from Table II . Spots 15 and 27 contained peptides from more than one protein.
FIG. 5.
Correlation between curve fitting and single point analysis. Panel A, for 25 proteins, the value of k loss determined by nonlinear curve fitting was plotted against the value obtained from single point analysis using multiple peptides in the MALDI-TOF spectrum but at a single time point of 8 h. Panel B, to assess the reproducibility of the analysis, for a subset of the proteins (n ϭ 15) we repeated the determination of turnover rate, from cell breakage onward, using the single point method. For both plots, the regression line is superimposed on the data. most abundant amino acid in the proteome (11) .
We plan to extend this analysis to the study of proteins commonly occurring in supramolecular complexes, the assembly and conformation of which have profound effects on function and stability. In this study we measured the turnover rate of a protein species that migrates to a single spot. However these protein molecules could have been part of widely different functional complexes with other proteins, and the turnover rate could just be an average of a number of distinct rates that operate at the level of supramolecular complexes. Including a fractionation step that preserves protein-protein interactions prior to analysis would separate proteins that are involved in multiple tasks into different fractions. Subsequent analysis of turnover could reveal the same protein to exhibit a different turnover rate depending on the function of the complex from which it derived.
Despite the importance of protein degradation in maintenance of the proteome, the process remains largely elusive. The discovery of the ubiquitin conjugation and proteasome systems has identified the marking and proteolytic mechanisms that are responsible for degradation of many intracellular proteins (23, 24) . The key area that is poorly understood is that of the selectivity of the process whereby different proteins are committed to degradation at dramatically different rates. The accurate determination of degradation rate is an essential parameter in the study of the regulation and manipulation of protein turnover, for instance in the industrial production of recombinant proteins. Further, the single peptide approach can provide a rapid overview of the range and scope of protein degradation for large numbers of constituents of the proteome. With the development of such approaches, the dynamics of the proteome need no longer be considered inaccessible, and the relationship between transcriptome and proteome should be better understood.
